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Abstract
Global warming has been linked to systematic changes in North and South Americas climates
and may severely impact the North American and South American Monsoon systems (NAMS
and SAMS, respectively). Monsoon characteristics (e.g, onset, duration and seasonal amplitude)
depend greatly on the magnitude and spatial extent of the land-ocean temperature contrast and
atmospheric moisture content, among other factors. This study examines interannual-to-decadal
variations and changes in the low-troposphere (850hPa) temperature (T850) and specific
humidity (Q850) over the NAMS and SAMS using NCEP/NCAR and CFSR reanalyses and fifth
phase of the Coupled Model Intercomparison Project (CMIP5) simulations for two scenarios:
“historical” and high emission representative concentration pathways “RCP8.5”. Trends in the
magnitude and area of the 85" percentiles were distinctly examined over SAMS and NAMS
regions during the peak of the respective monsoon seasons. The historical simulations (1951-
2005) and the two reanalyses agree well and indicate that significant warming has occurred over
tropical South America with a remarkable increase in the area and magnitude of the 85"
percentile in the last decade (1996-2005). The RCP8.5 CMIP5 ensemble mean projects an
increase in the T850 85™ percentile of about 2.5°C (2.8°C) by 2050 and 4.8°C (5.5°C) over South
America (North America) by 2095 relative to 1955. The area of South America (North America)
with T850 > the 85" percentile is projected to increase from ~10% (15%) in 1955 to ~58%
(~33%) by 2050 and ~80% (~50%) by 2095. This progressive warming is associated with an

increase in the 85" percentile of Q850 of about 3g kg™ over SAMS and NAMS by 2095.
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1. Introduction

The presence of a monsoonal type of circulation involving intense convective activity and
heavy precipitation is the dominant climatic feature in the tropical Americas during the
respective summer seasons. The North American monsoon system (NAMS) and the South
American monsoon system (SAMS) are often interpreted as the two extremes of the seasonal

cycle of heat, moisture transport and precipitation over the Americas (Vera et al. 2006).

NAMS extends from the intertropical zone of the eastern Pacific Ocean to the Bermuda
high and from Central America to Canada (Ropelewski et al. 2005; Mechoso et al. 2005).
Rainfall associated with NAMS accounts for about 70% of the annual total precipitation over a
large area centered in northwest Mexico (e.g., Douglas et al. 1993). In the United States, NAMS
directly influences precipitation regimes in New Mexico and Arizona where more than 40% and
25% of annual precipitation, respectively, is received during summer (Douglas et al. 1993;
Higgins et al. 1997, 1999; Adams and Comrie 1997). There are also lowland areas associated
with NAMS: the lower Colorado River valley and neighboring low desert areas. These regions
play a significant role in the formation of the thermal low, which is an important feature of
NAMS (Adams and Comrie 1997). In the present climate, the onset of NAMS occurs between
May-June, when precipitation intensifies along the western slopes of the Sierra Madre
Occidental (Douglas et al. 1993; Adams and Comrie 1997). NAMS is fully developed from July-
August to early September and its demise occurs during late September and early October (e.g.,

Vera et al. 2006).

Convection migrates from Central America into South America by September. The onset
of the rainy season over the Amazon is preceded by an increase in the frequency of the northerly

cross-equatorial flow over South America that increases moisture in the boundary layer
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(Marengo et al. 2001; 2010; Wang and Fu 2002). The onset of the wet season in central and
southeastern Brazil in the present climate typically occurs between September and October
(Silva and Carvalho 2007; Gan et al. 2004; Raia and Cavalcanti 2008). SAMS peaks from
December through February when the main convective activity is centered over central Brazil
and linked to a northwest-southeast oriented band of cloudiness and precipitation that often
extends over western subtropical Atlantic and is known as the South Atlantic convergence zone
(Kodama 1992; Carvalho et al 2002). SAMS demise over central eastern Brazil typically occurs

from March to mid April (e.g. Silva and Carvalho 2007; Marengo et al. 2010).

The SAMS and NAMS seasonal cycles are essentially driven by the differential heating
between the continent and ocean. In the pre-monsoon season, the incoming solar radiation
increases the diabatic heating over the tropical continent and land-ocean contrasts initiate the
monsoonal circulations. The differential heating strengthens the cross equatorial moisture
transport by the trade winds toward the continent. Thermodynamic instability increases as the
onset of the rainy season approaches and remains large throughout the wet season (Fu et al.
1999; Fu and Li 2004, Fisch et al. 2004). Convective activity intensifies on broad ranges of
spatial and temporal scales to redistribute the excess of moist static energy accumulated near the
surface (Adams and Comrie 1997; Rickenbach et al. 2011). Land-atmosphere processes control
evapotranspiration and play a significant role on the onset and maintenance of the SAMS (Fu

and Li 2004) and NAMS (Gutzler and Preston 1997; Gutzler 2000).

The global mean concentration of carbon dioxide and associated atmospheric radiative
forcing has dramatically increased in the last decades (Foster et al. 2007). Changes in
atmospheric forcing modify the distribution of the atmospheric heating with consequences to the

hydrological cycle. The atmospheric moisture content increases in response to global warming
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following the Clausius-Clapeyron relationship, but the rate of precipitation increase is slower as
predicted by climate models (Allen and Ingram 2002; Richter and Xie 2008; Cherchi et al.
2011). Model results and future scenarios of climate change indicate that rainfall tends to
increase in convergence zones with large climatological precipitation and to decrease in regions

with subsidence (Chou and Neelin 2004; Chou et al. 2009).

Cherchi et al (2011), for instance, performed a set of experiments with a state-of-the-art
coupled general circulation model forced with increased atmospheric CO, concentration (2, 4,
and 16 times the present-day mean value) and compared with a control experiment to evaluate
the effect of increased CO, on the monsoons. They concluded that all monsoon areas experience
an enormous increase of vertically integrated specific humidity when the atmospheric carbon
dioxide concentration is increased in the climate simulations, in consonance with the Clausius-
Clapeyron relationship. However, the precipitation rate increase is smaller than the moisture
content rise (Allen and Ingram 2002). The dominant player in the precipitation changes obtained
by comparing the sensitivity experiments with a control simulation is the so-called g-term
(thermodynamic component), i.e., the term that depends on the water vapor content change.
Vertical velocity changes , horizontal moisture advection and the evaporation play different roles
depending on the region of the monsoon (Cherchi et al 2011). The authors found that NAMS and
SAMS experience a precipitation increase in the sensitivity experiments relative to the control
mostly driven by the intensification of the upward motion. Moreover, they showed that over
South America, the moisture transport from the Atlantic Ocean is increased in all CO,

experiments compared to the control.

Carvalho et al. (2012) used NCEP/NCAR reanalyses-1 (Kalnay et al. 1996) and a

multivariate large-scale monsoon index based on low-level (850hPa) circulation, temperature
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and specific humidity and several precipitation data sets and showed evidence that SAMS has
intensified in the last decades. Interesting enough, the pattern of intensification is quite similar to
the pattern of increased precipitation shown in the sensitivity experiments with increased CO,
(Cherchi et al. 2011). In addition, Carvalho et al. (2012) showed that the intensification of SAMS
is mostly observed south of 15°S whereas drier conditions have been observed over eastern
Amazon in recent years. The authors have related the subtropical intensification of SAMS and
drying over eastern Amazon to the patterns of warming and changes in land-ocean temperature

contrasts, moisture transport and moisture convergence over tropical South America.

Motivated by these studies, Jones and Carvalho (2012) investigated two reanalyses and
fifth phase of the Coupled Model Intercomparison Project (CMIP5) (Taylor et al. 2011)
simulations for two scenarios (‘“historical” and high emission representative concentration
pathways “RCP8.5”). They used the same large-scale monsoon index discussed in Carvalho et al.
(2012). The two reanalyses and 10 CMIP5 model simulations (historical experiment)
consistently show statistically significant increases in seasonal amplitudes, early onsets, late
demises and durations of the SAMS and are associated with extensive warming and moistening
over tropical South America. The results convincingly support the hypothesis that recent decadal
changes in the SAMS are forced by anthropogenic and natural changes in atmospheric
composition and likely modifications in land-cover and land-use in South America. Jones and
Carvalho (2012) also analyzed future changes in the SAMS with six CMIP5 model simulations
of the RCP8.5 high emission scenario. All simulations unquestionably show significant increases
in seasonal amplitudes, early onsets and late demises of the SAMS. The simulations for this
scenario project a 47% increase in the amplitude by 2045-2050. Conversely, Maloney et al.

(2012) examined changes in December-February (DJF) and June-August (JJA) ensemble mean
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precipitation from CMIP5 simulations for the RCP8.5 scenario. Their results project a decrease
in JJA precipitation over the NAMS region during 2070-2099 relative to 1961-1990 with large

anomalies over western Mexico.

Inspired by these previous studies and the availability of CMIP5 simulations, this work
investigates changes in the lower troposphere (850hPa) temperature and specific humidity over
the SAMS and NAMS domains. CMIP5 simulations for two scenarios are examined: historical
high emission representative path way (RCP8.5). Although it is unquestionable that the radiative
forcing of the RCP8.5 experiments will result in increased mean temperatures and specific
humidity comparatively to the historical runs (Allen and Ingram 2002), assessing the patterns of
warming and moistening, magnitude and rate of change is critical to evaluate projected climate

changes in monsoon regions.

This paper specifically focuses on interannual-to-decadal variations and changes of the
85™ percentiles of temperature and specific humidity at 850hPa over South America (SA) and
North America (NA) during the peak of SAMS and NAMS (December-February and July-
August, respectively). We demonstrate that the 85" percentiles are predominantly observed over
continental tropical areas and their increase in magnitude and spatial extent are good indicators
of the expansion of the warming and moistening over North America (NA) and South America
(SA). These aspects are investigated with daily average reanalyses and CMIP5 model
experiments (section 2). We first examine the consistency between the two reanalyses and 11
CMIP5 simulations for the historical runs over South America (section 3.1) and North America
(section 3.2). We then investigate the RCP8.5 projections of the expansion of the warming and
moistening over South America (section 3.3) and North America (section 3.4). Summary and

conclusions are presented in section 4.
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2. Data

The large-scale features of T850 and Q850 over the SAMS and NAMS regions were
characterized with daily reanalysis from the National Centers for Environmental
Prediction/National Center for Atmospheric Research at 2.5° lat/lon grid spacing and during 1
January 1948-31 December 2010 (hereafter NCEP/NCAR) (Kalnay et al. 1996; Kistler et al.
2001). In addition, daily Climate Forecast System Reanalysis (CFSR) (Saha et al. 2010) was
used at 0.5° lat/lon grid spacing during 1 January 1979-31 December 2010. The advantages of
CFSR relative to NCEP include high horizontal and vertical resolutions, improvements in data
assimilation and first-guess fields originated from a coupled atmosphere-land-ocean-ice system
(Higgins et al. 2010; Saha et al. 2010). This study analyzes daily averages of specific humidity
(Q850) and temperature (T850) at 850-hPa. These variables are important to characterize the
onset, duration and amplitude of SAMS (Silva and Carvalho, 2007; Carvalho et al. 2011a,b;

Carvalho et al. 2012; Jones and Carvalho 2012).

Changes in the above variables were examined with multi-model simulations from the
fifth phase of the Coupled Model Intercomparison Project (CMIP5) (Taylor et al. 2011). CMIP5
model simulations provide the basis for the Fifth Assessment Report (AR5) of the
Intergovernmental Panel on Climate Change (IPCC). Additional information about CMIP5 can

be found at http://cmip-pcmdi.lInl.gov/cmip5/.

The following model experiments were examined. The “historical” run (also known as
«20" century simulation”) was forced by observed atmospheric composition changes which
include both anthropogenic and natural sources as well as time-evolving land cover. The

historical run covers the period 1 January 1951 to 31 December 2005. In addition, CMIP5
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simulations of climate projection are forced with specified concentrations referred to as
“representative concentration pathways” (RCPs) and provide a rough estimate of the radiative
forcing in the year 2100 relative to pre-industrial conditions (Moss et al. 2010; Taylor et al.
2011). To investigate future changes in the SAMS and NAMS, the “high-emission” scenario
labeled as “RCP8.5” was used. In this scenario, radiative forcing increases throughout the
twenty-first century before reaching a level of ~8.5 W m? at the end of the century. RCP8.5
simulations cover the period 1 January 2006-31 December 2100. The focus of the analysis is

during the peak of the SAMS (December-February) and NAMS (June-August).

Table 1 alphabetically lists the models used in this study. The analysis of the historical
experiments includes all 11 models. Due to difficulties in accessing CMIP5 data and to examine
future projections in which the daily historical and RCP8.5 simulations were available with the
same resolution, the following models were analyzed for the RCP8.5 scenario: CanESM2,
GFDL-ESM2M, MPI-ESM-LR, MRI-CGCM3 and NorESM1-M. In addition, given the large
volume of data, only one run from each model and experiment was used in this study. Although
more models are currently available in CMIP5, at the time this work was conducted, daily

outputs were available only for the models listed in Table 1.
3. Changes in T850 and Q850 over tropical Americas.

The primary focus of this study is on the SAMS and NAMS region. Uncertainties in
precipitation regimes and unrealistic features in the tropical Americas in the CMIP3 simulations
have been largely documented (e.g. Bombardi and Carvalho 2009; Vera and Silvestri 2009; Seth
et al. 2010). Similar problems still persist in CMIP5 model simulations (Jones and Carvalho

2012; Shiffield et al 2012). On the other hand, precipitation and cloudiness are related to low-
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troposphere temperatures and humidity (e.g, Cherchi et al 2011). In order to assess and compare
CMIP5 projections of T850 and Q850, we focused our analysis on the 85" percentiles during the
peak of the NA and SA monsoon seasons (that is, JJA and DJF respectively). This method is
useful because it does not make any pre-assumptions about the geographic location of the
monsoons that may vary among the CMIP5 simulations. The 85" percentiles of T850 and Q850
(henceforth referred to as T850ps5 and Q850pss, respectively) were calculated separately over
North America during JJA and over South America during DJF. Only grid points with elevation
below 1500m were used in the calculation. For simplicity, Central America was included in the
calculation of percentiles over the North America domain. As we will show in the following
discussions, T850,85 and Q850ps5 extends over tropical continental areas and are strongly linked

to the American monsoon regions in the reanalyses and historical runs.

Two main aspects were investigated in these analyses: the area extent of the 85"
percentiles and the interannual variation in the magnitude of the percentiles. The following
approaches were adopted. The 85™ percentiles were calculated for CMIP5 historic runs and for
NCEP/NCAR reanalysis considering all DJF (JJA) seasons from 1951 to 2005 for South
America (North America) (Table-2). Similar procedure was adopted for CFSR reanalysis except
that the range of years extended from 1979-2005. Changes in the area of the 85" percentiles in
the historical and RCP8.5 simulations and in the NCEP/NCAR and CFSR reanalyses were
calculated using the values of the 85" percentiles obtained for the 20" century run. The main
purposes of using fixed values of the 85" percentile for NA and SA weres to examine patterns of
warming and moistening of the low troposphere, identify areas with rapid changes and assess

uncertainties in the CMIP5 models by comparing them with the two reanalyses.
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The magnitudes of the 85" percentile were calculated for each DJF (JJA) season over
South America (North America) and for the historical and RCP8.5 runs. All CMIP5 models
show unrealistic large variance on interannual times-scales in the variables T850 and Q850 (not
shown). Thus, to investigate long-term changes in these variables, all data in the historical and

RCP8.5 runs were smoothed with a 9-year moving average.

CMIP5 simulations exhibit significant biases in T850 in NA and SA. CanESM2, CSIRO-
Mk3.6 and MIROCA4H are systematically warmer than CFSR and NCEP/NCAR reanalyses and
warmer than all other models. CanESM2 exhibits the largest positive bias in T850 followed by
CSIRO-Mk3.6 and MIROC4H over NA and SA. On the other hand, INM-CM4 shows the largest
T850 negative biases over tropical Americas. By comparing the 85" percentiles (Table-2), it is
noticeable that with exception of CanESM2, CSIRO-Mk3.6, MIROC4H and HadCM3, all other
models show differences in T850,5 Of less than 1°C (or less than 5%) over tropical SA when
compared to NCEP/NCAR reanalysis during the same period. On the other hand, differences are
larger for T850ps5 over NA, with GFDL-ESM2M and MRI-CGCM3 exhibiting the largest

negative differences relatively to NCEP/NCAR.

CMIP5 historical simulations also exhibit biases in Q850. Table-2 shows that the largest
differences relative to NCEP/NCAR are observed for MRI-CGCM3 over SA (+1.05g/kg or ~
9%). CSIRO-MK3.6 overestimates T850,85 over SA and NA. MRI-CGCM3 shows positive
differences of about 9% in the Q850 85™ percentile over SA but about 4% over NA. IPSCM5-

ALR shows the largest negative differences in Q850pgs for SA (~7.49%) and NA (~13.5%).

3.1 Historical Runs: South America
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Decadal variations in the area with T850 greater or equal T850,g5 in the historical runs
and in the two reanalyses during DJF are shown in Fig. 1. The NCEP reanalysis (Fig. 1a)
indicates a progressive warming over central-eastern South America since 1956. Similar pattern
of variability in T850 has been identified in Carvalho et al. (2012) from SAMS onset to demise.
CFSR reanalysis (Fig. 1b) shows similar pattern, with the most remarkable differences occurring
in the last decade (1996-2005) comparatively with the previous ones. It is noticeable that the g5
percentile is larger for CFSR than NCEP/NCAR, which partially explains the differences in the
spatial patterns. In addition, the period (1979-1985) is shorter than the equivalent period (1976-
1985), which contributes to the observed differences. Notice that the largest warming has
occurred where SAMS exhibits its largest seasonal variability (e.g. Silva and Carvalho 2007;

Carvalho et al. 2011a.b, Raia and Cavalcanti 2008, Gan et al. 2004).

The majority of the CMIP5 models simulate well the pattern of warming over tropical
SA, in particular the remarkable expansion of T850pgs in the 1996-2005 decade (Fig. 1c-m). The
eastward enlargement of the T850,g5 over central-eastern South America in the 1996-2005
decade comparatively with the 1956-1965 decade is evident in most models, with exception of
CanESM2 (Fig. 1k) and CSIRO-Mk3.6.0 (Fig. 1) that show a signal of the recent warming over
northwestern Amazon. Regional differences in the spatial pattern of the warming are in some
way related to the large degree of uncertainty in the simulations of cloudiness and precipitation
in the tropical regions that have been documented previously in analyses of CMIP3 (Bombardi
and Carvalho 2009, Silvestre and Vera 2009) and CMIP5 historical runs (Jones and Carvalho
2012; Sheffield et al. 2012 ). Some models such as the MPI-ESM-LR (Fig. 1e), IPSL-CM5A-LR
(Fig. 1h), HadCM3 (Fig. 1j), CNRM-CM5 (Fig. 1m) CanESM2 (Fig. 1k) and CSIRO-Mk3.6.0

(Fig. 1l) indicate temperatures above T850ps5 over the western Amazon that do not seem realistic
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when compared to the two reanalyses. It is worth noting that GFDL-ESM2M (Fig.1c) T850pss5
pattern of warming is quite consistent with the CFSR reanalysis (Fig. 1b) over eastern SA

especially in the last decade of the historical simulation.

The interannual variation of T850pg5 (9-year moving average) in the CMIP5 historical
simulations and CFSR and NCEP/NCAR reanalyses are shown in Fig. 2a. The NCEP/NCAR
reanalysis shows a cold bias and more moderate warming trend comparatively to CFSR. The
NCEP/NCAR slope of the linear trend over the 1955-2000 period is about 0.024°C yr™* whereas
the respective slope for the CFSR reanalysis is about 0.03°Cyr* (1983-2000). All models
underestimate the NCEP/NCAR trend with exception of GFDL-ESM2M and CanESM2
(0.02°Cyr-1 and 0.025°Cyr™, respectively). To assess the performance of the CMIP5 models in
simulating the observed trends in T850,g5 regardless existing biases in T850, the intercept of the
linear fit of all CMIP5 model simulations was removed and the resulting temperature anomalies
(plus trends) are displayed in Fig. 2b. The intercepts do not differ significantly from the mean
values over the historical period for NCEP/NCAR and CMIP5 models. Nonetheless, since all
CMIP5 models and the two reanalyses exhibited linear trends during the historical period, the
intercepts were removed to allow a comparison with short record of CFSR. The resulting CMIP5
ensemble mean, minimum and maximum anomalies are plotted along with NCEP/NCAR and
CFSR anomalies. Figure 2b reinforces that the observed magnitude of the temperature anomalies
were well captured by the maximum CMIP5 anomalies (dominated by GFDL-ESM2M and
CanESM2). Trends that result from the ensemble mean are not realistic for SA. For instance,
NCEP/NCAR shows an increase of 1.0°C in the 85" percentile from 1955-2000. CFSR

reanalysis indicates that the NCEP/NCAR reanalysis may have underestimated temperature
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anomalies in about 0.5°C. The CMIP5 ensemble mean indicates much less increase in

temperature (about 0.5°C) between 1955 and 2000.

Figure 2c examines the interannual variation in the area with T850 > T850pg5 over SA.
We recall that the areas were obtained for T850,g5 calculated over the entire 1951-2005 period.
The area was calculated for each DJF season and further smoothed with a 9-year moving
average. Given the differences in resolution among models and reanalyses and implications for
the estimation of the area, Fig. 2c shows the fraction (percentage) of SA that was observed with
T850 > T850p8s5. There is good agreement among CMIP5 models and NCEP/NCAR reanalysis,
with all models showing positive trends. In addition, most models show an increase in the slope
of the positive trend in the last two decades, as suggested in Fig. 1. CFSR indicates a large trend
(0.70% yr'*) during 1979-2000. NCEP/NCAR reanalysis indicates a weaker trend (0.45% yr)

during 1955-2000. It is worth noticing that trends increase around 1993 in both reanalyses.

Decadal variations in Q8505 for the historical simulations are investigated in Figs 3-4.
Figures 3(a,b) indicate that CFSR and NCEP/NCAR exhibit distinct patterns of decadal
variations of Q850p85. NCEP/NCAR shows Q850,g5 displaced towards northwestern Amazon,
whereas CFSR shows a much broader area extending from Central Amazon toward southeastern
Brazil resembling the South Atlantic Convergence Zone (Carvalho et al. 2002). In addition,
CFSR shows a remarkable increase in Q850pgs in the 1995-2005 decade. These features are quite
consistent with trends in SAMS (Carvalho et al. 2012; Jones and Carvalho 2012) and to some
extent to trends in extreme precipitation over southeastern Brazil (Silva Dias et al. 2012,
Cavalcanti 2012). Dessler and Davis (2010) argue that the NCEP/NCAR reanalysis-1 (used in

this study) contains large biases in specific humidity in the tropical mid and upper troposphere
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which could explain the differences with respect to the more comprehensive data assimilation

used in the CFSR reanalysis.

Although the spatial patterns of Q850,85 do not necessarily coincide with the patterns of
T850p85, most CMIP5 models show progressive increases in Q850,85 over the SAMS region,
more evident in the last 1-2 decades of the historic runs, which is consistent with the warming of
the low-troposphere (Cherchi et al. 2011). INMC is the most conservative model, showing an
increase in Q85085 only in the last decade and over eastern Brazil. IPSL-CM5A-LR (Fig. 3h) is
the only model that indicates a decrease in Q850,85 over southeastern Brazil from the first (1956-
1965) to the last decade (1996-2005). Nonetheless, the CMIP5 models most consistent feature is

the decadal increase in Q850,85 over the Amazon basin, which is supported by CFSR (Fig. 3b).

Figure 4a shows interannual variations of the 9-yr moving average of Q850gs.
NCEP/NCAR shows a negative bias with respect to CFSR as suggested in Dessler and Davis
(2010). Nonetheless, both reanalyses show positive trends in Q850,gs, consistent with the
warming of the lower troposphere. NCEP/NCAR indicates a linear trend of ~ 0.008g kg™ yr™
(1955-2000). The NCEP/NCAR trend in Q850,gs is not constant. The CFSR trend is ~ 0.016 g
kg™ yr* (1983-2000) whereas the NCEP/NCAR trend is ~ 0.010 g kg™ yr in the same period
(1983-2000). All CMIP5 models indicate positive trends in Q850,gs varying from 0.005g kgtyr
! (MRI-CGCMB3) to 0.014g kg™ yr'* (MPI-ESM-LR). However, MPI-ESM-LR shows the largest
positive bias in Q850pgs. Figure 4b exhibits the historical CMIP5 ensemble mean, maximum and
minimum Q850,gs along with NCEP/NCAR and CFSR reanalyses. The CMIP5 ensemble mean

is remarkably consistent with CFSR.
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The CMIP5 ensemble mean, maximum and minimum of the fraction of SA with Q850 >
Q850pe5 are shown in Fig 4c. In spite of differences in the spatial patterns of Q850pss,
NCEP/NCAR is within the range of variation of the CMIP5 models. There is a large discrepancy
between CFSR and NCEP/NCAR, which is also evident in the decadal variation of Q850,ss(Fig.
3b). CFSR exhibits a sharp change in the slope around 1993 that can be also identified in T850pgs
(Fig. 2c). All CMIP5 models show large areal coverage of Q850> Q850,85 when compared to

CFSR.

3.2: Historical Runs: North America

Decadal variations in the area with T850 > T850,g5 in the CMIP5 historical runs and in
the two reanalyses during JJA are shown in Figs. 5-6. T850pgs largely extends over the area
dominated by NAMS (e.g. Barlow et al. 1998) in the two reanalyses and in all CMIP5
simulations (Fig. 5). We emphasize that due to the coarse resolution of the models and steep
topography, these analyses underrepresent existing variations and changes in many valleys
located in the NAMS domain. Nonetheless, NCEP/NCAR (Fig. 5a) and CFSR (Fig. 5b) indicate
a modest increase in the area with T850,g5 over NA during 1996-2005 comparatively to previous
decades with progressive warming southeastward of the U. S. Most CMIP5 models show similar
trends, with exception of NorESM1-M that shows almost no changes over the U.S. in the
historical run (Fig. 5f). Moreover, it is worth noting that all models indicate an increase in
temperature off the coast of Baja California toward the eastern Pacific. Opposite trends are
shown in the NCEP/NCAR reanalysis (Fig. 5a). The eastern Pacific stratocumulus clouds (Yuter
et al. 1997) are likely among the causes of the uncertainties in the simulations of the CMIP5 in

the region (Bony and Dufresne, 2005).
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Figure 6a shows the NCEP/NCAR, CFSR and CMIPS interannual variations of T850pgs
(9-yr moving average) calculated over NA. CFSR correlates well with NCEP/NCAR (linear
correlation of about 0.96) but shows T850,5, On average, 0.33°C warmer than NCEP/NCAR,
with differences increasing up to 0.5°C in the last decade. CanESM2, CSIRO-Mk3.6.0, CNRM-
CM5 and MIROC4H overestimate both reanalyses, with mean biases ranging from 1.0°C
(MIROC4H) to 3.4°C (CanESM2) relative to the NCEP/NCAR mean. All other CMIP5 models
underestimate NCEP/NCAR (and therefore CFSR); MRI-CGCM3 shows the largest negative
bias (-2.19°C) and HadCM3 the least bias among all CMIP5 models investigated here (-0.15°C).
With exception of CNRM that shows no trend in the historical run, all other models indicate a
positive trend in T850pgs, With rates that increase at the end of the historical period. Figure 6b
shows the CMIP-5 ensemble mean, maximum and minimum temperature anomalies (plus linear
trends) and reanalyses after removing the intercept of the linear fit. As stated before, this was
done to remove the bias in the models and compare CMIP5 with the reanalyses. Figure 6b
indicates that the CMIP5 ensemble mean shows good agreement in simulating the observed trend
in the anomalies in recent decades as indicated by CFSR and NCEP/NCAR reanalyses. The
NCEP/NCAR and CFSR are within the minimum and maximum ranges of the CMIP5 T850,ss5

anomalies.

Figure 6¢ shows interannual variations of the fraction of NA with T850 > T850gs.
NCEP/NCAR does not indicate any linear long-term trend in area during the 1955-2001 period.
A method for detection of shifts in the mean (Rodionov 2004) (using a sliding window of 10
years and 5% significance level) was applied to NCEP/NCAR time series and indicated that
changes in the regime of the mean occurred in 1962, 1977 and 1996. Moreover, the consistency

between NCEP/NCAR and CFSR is also noticeable. CMIP5 ensemble mean, maximum and
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minimum indicate a progressive increase in the area with T850 > T850pg5 and an increase in the

slope of the trend from 1985-2001 (Fig. 6c).

The decadal variation of areas with Q850ps5 for NA in JJA is shown in Fig. 7.
NCEP/NCAR (Fig. 7a) indicates a progressive increase of the 85" percentile over NA and
eastern Pacific, north of the Equator. Over NA, the largest increase in area is observed over
central and southern U. S., east of the Rockies. On the other hand, CFSR (Fig. 7b), seems
consistent over eastern Pacific north of the equator, but indicates a negative trend over south and
southeast U.S. This region has been affected by long-term droughts (Samanta et al. 2011) and
CFSR has an improved data assimilation and higher resolution to identify these regional patterns.
All CMIP5 models show an expansion of areas with Q850pg5 over the NAMS domain and
Florida (Fig. 7c-l). The CMIP5 patterns of decadal variability of Q850,55 over NAMS are quite

consistent with NCEP/NCAR.

Figure 8a shows the CMIP5 interannual variations of Q850,g5 over NA in JJA along with
the two reanalyses. CFSR and NCEP/NCAR differ in magnitude and interannual variability.
CFSR 85" percentile is about 0.5 g/kg greater than NCEP/NCAR. CFSR shows a decrease in the
9-yr moving average of Q850ygs after 1996, while NCEP/NCAR shows a positive trend during
the same period. CSIRO-Mk3.6.0 has the largest positive bias (>1g/kg) whereas IPSL-CM5A-
LR has the largest negative bias (<1.g/kg) with respect to the two reanalyses. Interesting enough,
MIROC4H, CanESM2 show ranges of magnitudes that are similar to NCEP/NCAR, in spite of
the relatively large positive biases in T850,5 (Fig. 6a). The resulting CMIP5 ensemble mean,
maximum and minimum Q850pgs along with the two reanalyses are shown in Fig. 8b. The
CMIP5 ensemble mean agrees quite well with NCEP/NCAR, but underestimates CFSR. The

fraction of NA with Q850 > Q850,s5 in JJA is shown in Fig. 8c. The CMIP5 ensemble mean is
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consistent with NCEP/NCAR after 1979 and indicates an increase of about 2% in the area with
Q850 > Q850,85 from 1955-2001. CFSR shows a decrease in Q850pgs that is not identified by
NCEP/NCAR. It is worth noticing that the decrease in the extent of the moist regions over NA

identified with CFSR does not reflect the trend in T850,gs5 (Figs. 6a,c)
3.3 RCP8.5 Future Projections: South America.

Figure 9 shows CMIPS5 projections of decadal variations of T850pgs for SA in DJF during
2006-2095. We recall that the projections use the same thresholds obtained for the historical
runs. All models project a continued expansion of T850,gs toward eastern tropical SA and the
Equatorial Atlantic and Pacific. These trends follow the patterns of warming that have been
observed in the historical runs and for NCEP/NCAR and CFSR reanalyses (Fig. 1). Notice that
no CMIP5 model projects the extension in area of T850,ss south of 40°S over SA and south of
30°S over the South Atlantic. The spatial patterns of the trends suggest a decrease in temperature
gradients near the equator and an increase in subtropical latitudes. These projections, if
confirmed, will critically impact SAMS characteristics by modifying ocean-land temperature

contrasts and low-level moisture convergence.

Figure 10a shows the projections of the anomalies using the same methodology discussed
in Fig. 2a. NCEP/NCAR and CFSR 9-year moving averages have been extended until 2005. The
ensemble mean is consistent with NCEP/NCAR whereas the ensemble maximum seems to be
closer to CFSR. The ensemble mean projects that T850,ss Will be 2.5°C (4.7°C) above the values
observed in 1955 by 2050 (2095). Considering that the maximum projected anomalies are more
consistent with CFSR, one might expect T850,5 anomalies of about 4.5°C over SA by 2050

under the RCP8.5 scenario.
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The expansion in area of the T850,g5 calculated for the historical runs are shown in Fig.
10b. The ensemble mean is very consistent with both reanalyses, particularly in recent decades,
suggesting  high confidence in the projected trends. CMIP5-ensemble mean, CFSR and
NCEP/NCAR indicate that the T850,g5 extend over an area that represents approximately
between 25% and 30% of SA. By 2050 this area might double (i.e., reach 60% of SA) according
to the CMIP5 RCP8.5 ensemble mean projections. This trend would continue until the end of the
century when it would reach ~80% of the continent, extending largely over tropical SA and

likely affecting SAMS characteristics.

Projections of decadal variations in Q850pg5 are displayed in Fig. 11. As shown for the
historical runs, all CMIP5 models indicate an increase in Q850 over the tropics in agreement
with the patterns of warming in the lower troposphere shown in Figs 10. The expansion of areas
with Q850 > Q850pg5 over the Amazon basin has been confirmed by averaging CFSR in recent
years (2006- 2010 — not shown). During this period, CFSR shows that Q850,5 has largely
expanded over the Amazon Basin and southeastern Brazil, supporting the CMIP5 projected

trends in Q850pss.

Figure 12a summarizes the projected CMIP5 ensemble mean of Q850,g5 over SA. In spite
of differences in spatial patterns, there is an extraordinary agreement between the ensemble mean
and CFSR. The ensemble mean suggests that Q850,85 would increase 1g/kg from the present
value (~12.4g/kg) by 2050 and ~ 3.0g/kg by 2095. The fraction of SA with Q850,85 would
increase from approximately 30% in the 2000-2010 decade to about 58% around 2050. This

fraction might increase to about 70% in 2095.

3.4 RCP8.5 Future Projections: North America.
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CMIPS5 projections of decadal variations in T850pg5 over NA in JJA are examined in Fig.
13. All CMIP5 models project progressive increases in the area with T850> T850pg5 that extends
beyond NA, including tropical SA. These are remarkable findings, given that it is winter in SA
and the 85™ percentile for NA is higher than the respective percentiles in SA during summer (see
Table-2). Notice that only GFDL shows areas with temperatures greater or equal than T850pss
calculated for NA over SA during JJA in the historical run (Fig. 5¢). Another significant feature
is the progressive expansion of the warming toward eastern U.S. and high latitudes, suggesting
the expansion of tropical temperatures toward the extratropics of NA. The resulting changes in
temperature gradients are consistent with the projected changes in the baroclinicity and resulting

increase in precipitation over the extratropics of NA shown in Maloney et al. (2012)

Figure 14a shows future projections of T850,s5 anomalies over NA in JJA. To compare
the historic with the RCP8.5 simulations, the CMIP5 ensemble mean, maximum and minimum
were obtained after removing the intercept of the linear trends fitted for the historic run (Fig. 6a).
It can be noticed that the CMIP5 minimum values seem consistent with NCEP/NCAR, whereas
the maximum values follow CFSR. The ensemble mean projects an increase of ~2.8°C (5.5°C)
from 1955-2050 (1955-2095). Projections of changes in the fraction of NA with T850 > T850pss
in JJA are shown in Fig. 14b. There is a remarkable agreement among the reanalyses and the
ensemble mean. The ensemble mean indicates that the warming could expand approximately
15% by 2050 and would reach 50% of NA by the end of the century. Most of this expansion

would talke place in the low troposphere of the U.S..

Projections of decadal changes in Q850,5 are shown in Fig. 15. The most consistent
projection among models is the progressive expansion of Q850,s5 from the tropics towards
higher latitudes over central-eastern USA. Changes are much less pronounced in the West coast

21



447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

of the USA. MRI-CGCM3 (Fig. 15b), MPI-ESM-LR (Fig. 15c), NorESM1-M (Fig. 15d) and
CanESM2 (Fig. 15e) shows an expansion of Q850,gs over eastern North Atlantic, suggesting the
intensification of the warming in this region that is not necessarily identified from decadal

changes in T850ygs (compare Fig. 15 with Fig. 13)

Interannual variations and changes in the magnitude of Q850ps5 over NA in JJA are
shown in Fig. 16a. As discussed before, there is good agreement between the ensemble mean
and NCEP/NCAR. CFSR varies more consistently with the CMIP5 maximum projections. The
ensemble mean indicates that Q850,85 would increase from ~10g/kg by 2006 to ~11g/kg
(12.5g/kg) by 2050 (2095). The ensemble mean projections of expansion in the fraction of NA
with Q850 > Q850,85 (Fig. 16b) suggest an increase in 15% of the area by 2050 and 50% by

2095.
4. Conclusions

This study examines the warming and moistening of tropical SA and NA with emphasis
in the SAMS and NAMS domains. SAMS and NAMS significantly affect populated areas,
ecosystems, water and energy management, agriculture, and food security for millions of people.
The focus of this analysis is on the interannual to decadal variations and changes of the 85"
percentiles of temperature and specific humidity in 850hPa. Temperature and moisture at 850hPa
are less affected by land use and change and are yet related to the seasonal variations in the
monsoon regimes. The 85" percentiles were calculated separately for NA and SA during the
respective peaks of the summer seasons. It is shown that these percentiles extend where SAMS
and NAMS show maximum seasonal variations in the climate of the 20" century (e.g. Vera et al.

2006).

22



469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

This study investigates 11 CMIP5 model simulations of the ‘historical’ run and 6 models
for the RCP8.5 projections. Two reanalyses are examined: NCEP/NCAR (1951-2010) and CFSR
(1979-2010). These two reanalyses differ in resolution and data assimilation. It is shown that
CFSR has a positive bias in temperature and moisture with respect to NCEP/NCAR. The short
length of CFSR reanalysis in recent decades resulted in higher overall 85™ percentiles and these
percentiles were used to calculate decadal variations in the warming and moistening over NA
and SA. However, the differences in the period of the reanalyses did not influence the calculation
of the interannual variation of the 85" percentiles. In spite of existing biases in T850, the two
reanalyses are well correlated over time. Large differences are observed in spatial and temporal
patterns of Q850 and these differences may have largely resulted from differences in data

assimilation schemes.

Two main aspects are investigated in this article: decadal variations and change of the
warming and moistening of the lower troposphere over the tropics (identified with the 85"
percentile of T850 and Q850, respectively) and interannual variations of the magnitudes and area
extent of the percentiles. These features are examined separately for NA and SA during the

respective peak of the monsoon season (JJA and DJF, respectively).

NCEP/NCAR and CFSR show progressive increases in the area with T850pg5 over SA,
with a remarkable extension over eastern Brazil, where SAMS exhibits its most significant
seasonal variability (Marengo et al. 2010). All CMIP5 simulations of the historic runshow
similar increases in T850,g5 over SA, and are particularly more consistent among themselves and
with the two reanalyses in the last 1-2 decades. The CMIP5 ensemble mean underestimates the
observed anomalies in T850pes over SA. The maximum simulated anomalies seem to better

represent the magnitude of the warming estimated with NCEP/NCAR and CFSR in the present
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climate. The CMIP5 ensemble mean, maximum and minimum of the fraction of SA > T850pgs is
in the expected range of variations indicated by the two reanalyses. The trends in the ensemble

mean are consistent with the trends of the two reanalyses, particularly in the last decade.

The RCP8.5 CMIP5 projections of T850,s5 over SA indicate that the warming over
Eastern tropical SA would intensify and continuously expand over tropical eastern SA
potentially affecting SAMS in the next decades. CMIP5 RCP8.5 simulations indicate that the
maximum projected anomalies are more realistic when compared to CFSR, whereas the
ensemble mean represents NCEP/NCAR quite well. The maximum projected anomaly for the
RCP8.5 scenario indicates an increase in T850,g5 of about 4°C by 2050 and about 8°C by 2095
with respect to the beginning of the historical simulation. If one considers the ensemble mean
projection, which is more consistent with NCEP/NCAR, the anomalies would be about 2.5°C by
2050 and 4.8°C by 2095. Less uncertainty is observed for the area with T850> T850p85 for SA
when comparing the CMIP5 ensemble mean with the two reanalysis. The RCP8.5 scenario
projects that about 60% of the area of SA would experience T850> T850,85 by 2050, which is
double of the present area and 6 times larger than the area observed in the beginning of the
historical period. The expansion in area is largely concentrated in the tropics and north of 30°S.
These changes may affect land-ocean gradients with further implications to the characteristics of

SAMS.

Large discrepancies are observed in the patterns of Q850ps5 over SA in the two
reanalyses. NCEP/NCAR and CFSR show distinct patters of decadal variations and changes in
Q85085 over the tropics. CFSR shows Q8505 extending over the monsoon region in a spatial
pattern that resembles the SACZ, whereas NCEP/NCAR shows that the 85" percentile is

essentially observed over Northern Amazon. The NCEP/NCAR spatial features likely result from
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problems in data assimilation and may not represent the actual pattern of Q850 over SA. CFSR
shows a large increase in Q850,85 over the Amazon basin in recent decades. Similar increase is
also simulated by most CMIP5 models in the historical run. There is remarkable good agreement
between the interannual variation of Q850,g5 from the CMIP5 ensemble mean and CFSR, which
is of great value for future projections of climate change. The CMIP5 models overestimate the
area with Q850,85 based on CFSR. However, the trend in area in the last two decades is well

simulated by the CMIP5 models.

The NCEP/NCAR and CFSR reanalyses do not show large decadal increases in the area
with T850pe5 over the NAMS region. Most CMIP5 models are consistent with these observations
and some show modest warming over central western USA during JJA. However, comparisons
among the reanalyses and the CMIP5 historical simulations of the interannual variation of the
magnitudes of the T850,gs indicate large uncertainty, with the maximum anomalies more
consistent with CFSR and minimum anomalies consistent with NCEP/NCAR. The ensemble
mean captures well the overall trend of T850,85 over NAMS, in particular the trends in the last
three decades of the historical period. Furthermore, there is very good agreement between CFSR,
NCEP/NCAR and the CMIP5 ensemble mean of the interannual variability of the area of NA
with T850 >T850,g5. Although the positive trends in area and in the magnitude of T850pg5 are
much less pronounced in the NAMS domain comparatively with the SAMS domain, the RCP85
scenario indicates that changes between 1-4°C in the magnitude may likely occur by 2050. The
large anomalies are more consistent with CFSR in the CMIP5 historical simulations. We recall
that due to the coarse resolution of most CMIP5 models and also the reanalyses (in particular
NCEP/NCAR) there is an underrepresentation of the contribution of valleys and other areas

located in complex terrain to the warming of the NAMS region. Nonetheless, the RCP85
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simulations show remarkable and consistent expansions of the warm areas eastward of the
present domain. Given the large extent of NA toward the extratropics, all models indicate that
the T850,85 (as calculated for the historical runs) would expand to mid-latitudes of NA. The
CMIP5 RCP8.5 ensemble mean projects that the fraction of NA with T850 > T850pg5 would
increase from about 15% in 2001 to approximately 35% by 2050 and will reach about 50% by

2095. These changes could largely affect the subtropics and extratropics of the U. S.

As observed for SA, there is a large discrepancy in Q850pg5 between the two reanalyses
over NA. These differences seem to be particularly relevant over southern U. S. The CMIP5
ensemble mean shows interannual variations that are more consistent with NCEP/NCAR
reanalysis, whereas CFSR is more consistent with CMIP5 maximum values. These discrepancies
increase the uncertainties in the RCP8.5 projections of Q850p area and magnitude.
Nevertheless, the RCP8.5 CMIP5 ensemble mean projects an increase of about 1g/kg in Q850ys5
by 2050 and 2.5g/kg by 2095. These changes would be more relevant over large areas of the U.
S., following the positive trend in temperature in these regions. More moisture in the lower
troposphere would be observed also in the extratropics and may play a role for summer and

winter storms in these regions, as suggested in Maloney et al. (2012).

Although future emissions and the adequate atmospheric radiative forcing to represent
future scenarios of climate change are still debatable, the historical runs and reanalyses examined
in this study have provided consistent evidence that critical changes in the climate over the
tropical Americas , and in particular over the SAMS domain, have already occurred. Analyses
similar to the ones discussed here were carried out for the CMIP5 pre-industrial experiment
(labeled as “picontrol”) (not shown). The picontrol experiment prescribed pre-industrial

atmospheric CO, concentrations and unperturbed land use. They provided additional evidence
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that the expansion of the warming over tropical SA and trends in area and magnitude of the 85"
percentiles observed in the historical runs and reanalyses are not spurious and are of

anthropogenic origin.
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689  Table 1. List of CMIP5 models used in this study. All eleven models were used for analyses of
690 the historical experiment. Symbol “*” indicates models analyzed for the RCP8.5 scenario.
Modeling Center (or Group) Institute ID Model Name
1 | canadian Centre for Climate Modelling and Analysis CCCMA CanESM2*
Centre National de Recherches Meteorologiques / Centre CNRM
2 Europeen de Recherche et Formation Avancees en Calcul CNRM-CM5
o CERFACS
Scientifique
Commonwealth  Scientific and Industrial Research
3 Organization in collaboration with Queensland Climate | CSIRO-QCCCE | CSIRO-Mk3.6.0
Change Centre of Excellence
4 | NOAA Geophysical Fluid Dynamics Laboratory NOAA GFDL GFDL-ESM2M*
5 | Institute for Numerical Mathematics INM INM-CM4
6 | Institut Pierre-Simon Laplace IPSL IPSL-CM5A-LR
Atmosphere and Ocean Research Institute (The
University of Tokyo), National Institute for MIROC4h
7 _ _ _ MIROC
Environmental Studies, and Japan Agency for Marine-
Earth Science and Technology
8 | Max Planck Institute for Meteorology MPI-M MPI-ESM-LR*
9 | Meteorological Research Institute MRI MRI-CGCM3*
10 Norwegian Climate Centre NCC NorESM1-M*
11 | Met Office Hadley Centre MOHC HadCM3
691
692

34




693  Table-2. 85" percentiles (1951-2005) of the historical runs for South America (SA) and North
694  America (NA) and for NCEP/NCAR and CFSR reanalyses*. The 85" percentile for CFSR was

695  calculated from 1979-2005. The symbol “ ” indicates that the quantity is not available for the

696  model.
South America (DJF) North America (JJA)

Model Name T850 (°C) | Q850 (g/kg) | T850 (°C) Q850 (g/kg)
CFSR* 18.88 12.23 20.21 10.37
NCEP/NCAR* | 18.09 11.87 20.00 9.70
CanESM2 21.40 12.33 23.40 9.31
CSIRO-Mk3.6.0 21.16 12.22 22.77 11.05
MIROC4H 20.62 12.07 21.75 9.63
HadCM3 19.40 o 19.55 _
GFDL-ESM2M 18.89 11.46 18.28 9.37
IPSL-CM5A-LR | 18.77 10.98 18.52 8.39
CNRM-CM5 18.62 11.84 20.68 9.33
NorESM1-M 18.43 11.63 19.48 9.64
MPI-ESM-LR 18.07 11.89 19.21 10.16
MRI-CGCM3 17.80 12.92 17.57 10.09
INM-CM4 17.22 11.65 19.55 9.18
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Figure Captions:

Figure 1. Decadal variation of the T850 g5 percentile (T850pgs) during DJF for the historic
simulations (1951-2005). Values of the T850,s5 were calculated over SA (see Table-2): a)
NCEP/NCAR, b) CFSR, ¢) GFDL-ESM2M, d) MRI-CGCM3, €) MPI-ESM-LR, f) NorESM1-
M, g) INM-CM4, h) IPSL-CM5A-LR, i) MIROC4h, j) HadCM3, k) CanESM2, I) CSIRO-
Mk3.6.0, m) CNRM-CM5. For NCEP/NCAR (a) and all CMIP5 models, averages were taken in
the following decades: 1956-1965 (black solid line); 1966-1975 (dark blue dashed line); 1976-
1985 (light blue solid line); 1986-1995 (dark magenta dashed line); 1996-2005 (red solid line).
Decadal averages for CSFR (b) were obtained for the periods 1979-1985 (black solid line), 1986-
1995 (blue dashed line), 1996-2005 (red solid line). Grey shade indicates topography above
1500m and thick black dashed lines show the 1500m height (continues).

Figure 2. a) Interannual variability of T850,s5 over SA during DJF for NCEP/NCAR and CFSR
reanalyses and the CMIP5 historic simulations (1951-2005); b) interannual variability of T850,gs
after removing the intercept of the linear fit: NCEP/NCAR, CFSR, CMIP5 ensemble mean,
maximum and minimum; c¢) Interannual variability of the fraction of SA with temperature greater
or equal T850pss (%) calculated for the 1951-2005 period (1979-2005 for CFSR) . All curves are
9-year moving averages. The CMIP5 models in a) are indicated in the legend.

Figure 3. The same as Fig. 1 but for Q8505 (values shown in Table-2). The following models
are analyzed: a) NCEP/NCAR, b) CFSR, ¢) GFDL-ESM2M, d) MRI-CGCM3, e) MPI-ESM-LR,
f) NorESM1-M, g) INM-CM4, h) IPSL-CM5A-LR, i) MIROC4h, j) CanESM2, k) CSIRO-
Mk3.6.0, I) CNRM-CM5. HadCM3 is not examined because of the unavailability of daily
specific humidity at 850hPa (continues).

Figure 4. a) Interannual variability of Q850,85 over SA during DJF for NCEP/NCAR and CFSR
reanalyses and the CMIP5 historic simulations (1951-2005); b) interannual variability of Q8505
CMIP5 ensemble mean, maximum and minimum and NCEP/NCAR and CFSR reanalyses; ¢)
Interannual variability of the fraction of SA with specific humidity greater or equal Q850,85 (%)
calculated for the 1951-2005 period. All curves are 9-year moving averages. The CMIP5 models
in a) are indicated in the legend.

Figure 5. The same as Fig. 1 but for NA during JJA.
Figure 6. The same as Fig. 2 but for NA during JJA.
Figure 7. The same as Fig. 3 but for NA during JJA.

Figure 8. The same as Fig. 4 but for NA during JJA.
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Figure 9. Decadal variation of the T850 85™ percentile (T850p85) during DJF for the RCP8.5
simulations (2006-2095). Values of the T850,g5 were calculated over SA for the historic run (see
Table-2): a) GFDL-ESM2M, b) MRI-CGCM3, ¢) MPI-ESM-LR, d) INM-CM4, e) NorESM1-M,
f) CanESM2 . Colors and line patterns represent different decades as indicated in the legend of
the figure. Grey shade indicates topography above 1500m and thick black dashed lines show the
1500m height (continues).

Figure 10. a) CMIP5 historic simulations and RCP8.5 ensemble mean, maximum and minimum
projections of T850pe5 anomalies (intercept of the linear fit removed) over SA during DJF.; b)
Fraction of SA (%) with T850 greater or equal T850ps in the historic and RCP8.5 simulations
(CMIP5 ensemble mean, maximum and minimum) during DJF. NCEP/NCAR and CFSR are
also included (1955-2006). Curves are 9-year moving averages.

Figure 11. Decadal variation of the Q850 85" percentile (Q850y85) during DJF for the RCP8.5
simulations (2006-2095). Values of the Q850,55 Were calculated over SA for the historic run (see
Table-2): ) GFDL-ESM2M, b) MRI-CGCM3, ¢) MPI-ESM-LR, d) NorESM1-M, e) CanESM2.
Colors and line patters represent different decades as indicated in the legends of the figure. Grey
shade indicates topography above 1500m and thick black dashed lines show the 1500m height
(continues).

Figure 12. a) CMIP5 historic simulations and RCP8.5 projections ensemble mean, maximum and
minimum of Q850pss over SA during DJF.; b) Fraction of SA (%) with Q850 greater or equal
Q8505 in the historic and RCP8.5 simulations (ensemble mean, maximum and minimum)
during DJF. NCEP/NCAR and CFSR are also included (1955-2006). Curves are 9-year moving
averages.

Figure 13. The same as Fig. 9 but for NA and JJA.
Figure 14. The same as Fig. 10 but for NA and JJA.
Figure 15. The same as Fig. 11 but for NA and JJA.

Figure 16. The same as Fig. 12 but for NA and JJA.

Table Captions:

Table 1. List of CMIP5 models used in this study. All eleven models were used for analyses of
the historical experiment. Symbol “*” indicates models analyzed for the RCP8.5 scenario

Table-2. 85™ percentiles (1951-2005) of the historical runs for South America (SA) and North
America (NA) and for NCEP/NCAR and CFSR reanalyses*. The 85™ percentile for CFSR was
calculated from 1979-2005. The symbol “_” indicates that the quantity is not available for the
model.
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GFDL-rcp8.5 10-yr average q>= 9.4g/kg(NA-85th): JUA MRI-rcp8.5 10-yr average g>= 10.1g/kg(NA-85th): JUA
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14 1 a) RCP8.5 JJA Specific Humidity 85th Percentile over North America

SpecificHumidity (g/kg)

W o~ I~ 0 [=)] LN [¥s]

—e— NCEP
=== CFSR
== =CMIP-ens

— max

g g O O hOh O O OO O OO O 0O 00 0 00 0 0009
™ o o o H A A NN NN N NN NN NN N NN NN NN
90 - b) RCP8.5 Fraction of NA with Specific Humidity > 85th Percentile (JJA)
m 4
70 -
Seo | —m—NCEP
< —e—CFSR
50 e nnnnnnnnnnnmnmnmmmmmmmIImnmrnIImmnmmIImInmrnImOmImImInmI I I IO I I T
s = =CMIP5-ens
_S - ——max
E min
€30 -
= - —2050
20 B ol - e 2095
‘l_-fr“!“_li“_lm
10 -
0 TTTTTTTTIT I I T I T I I I T I T T I T T T T I T T I I T T T T T I T T T T T T T T T T I T TTITTITTI IITT T T T T T T T T ITTITTTITTTTITITTTTT Tl
W W k~Im"M~0Wowoaom I = NN M 8 W WY Wik~I™~u0Wwowoaoo
O O o OO OO0 O O O QO 0O 00 00000 Q0
™ o o o H o = NN NN NN NN N NN NN NN NN NN

Figure 16




